A reversed-phase high-performance liquid chromatographic method was developed for the simultaneous quantification of seven phenolic compounds from Rhizoma Sparganii. The samples were separated on a Waters SunFire C18 column with a temperature of 308 8 8 8 8C.
Introduction
Sparganium stoloniferum Buch.-Ham, which belongs to the Sparganiaceae family, is a perennial wet habitat plant that is widely distributed in East Asia. The dried rhizome (Rhizoma Sparganii) of this plant is a frequently used traditional Chinese folk medicine and officially listed in the 2010 edition of the Chinese Pharmacopoeia with the name of Sanleng. Rhizoma Sparganii has long been used for the treatment of blood stasis and dysmenorrhea (1) . Pharmacological investigations have shown that phenolic compounds are some of the most important contributors to the biological activity of Rhizoma Sparganii, including its antioxidant activity (2), anti-platelet and anti-thrombotic actions (3), analgesic and antiinflammatory effect (4) and anti-cancer activity (5 -6) .
Effective extraction is one of the most important steps in analyzing target compounds from plant materials. Concerning the extraction of phenolic compounds, traditional extraction methods including refluxing, boiling, heating and Soxhlet extraction are usually associated with longer extraction times and larger amounts of solvent with lower efficiency (7) . As an alternative, ultrasound-assisted extraction has the advantages of short extraction time and high extraction efficiency (8) . Therefore, ultrasound-assisted extraction was applied to extract target compounds from Rhizoma Sparganii in the present work.
Until now, many methods have been developed to analyze phenolic compounds, such as spectrophotometry (9) , thinlayer chromatography (10), gas chromatography (11), highperformance liquid chromatography (HPLC) (12) , capillary electrophoresis (13) and HPLC-mass spectrometry (MS) (14) . Among these, HPLC currently represents the most prevalent and reliable analytical technique for phenolic compounds (15) . To the authors' knowledge, no HPLC method has been employed to simultaneously quantify the phenolic compounds in Rhizoma Sparganii. This study developed an HPLC method for the simultaneous detection of r-hydroxybenzaldehde, vanillic acid, r-coumaric acid, ferulic acid, rutin, kaempferol and formononetin (shown in Figure 1) . Hence, the proposed method is suitable for the qualitative and quantitative assessment of Rhizoma Sparganii.
Experimental

Materials and chemical reagents
Twelve batches of Rhizoma Sparganii samples were collected from different growing regions of China (Table I ) and authenticated by the corresponding author. The raw materials were allowed to dry naturally and cut into slices, and then ground to pass through a 60-mesh sieve. The powder was kept in sealed polyethylene bags at 48C until use.
Vanillic acid, r-coumaric acid, r-hydroxybenzaldehde, ferulic acid, rutin, kaempferol and formononetin were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Methanol (HPLC grade) was purchased from Sigma-Aldrich (St. Louis, MO). Deionized water was purified by an EPED super purification system (EPED, Nanjing, China). All other organic solvents used in the study were analytical grade from Nanjing Chemical Reagent Co.
Apparatus and chromatographic conditions HPLC analysis was performed on a Waters 2695 chromatograph (Waters, Milford, MA) using a Waters 2996 photodiode array detector and a C18 reversed-phase column (SunFire; 5.0 mm, 150 Â 4.6 mm; Waters), operated at 308C. The mobile phase consisted of a gradient elution of 0.8% acetic acid (solvent A) and methanol (solvent B) with flow rate of 1.0 mL/min. The gradient program was: 0 -30 min, 5-25% B; 30-50 min, 25 -45% B; 50 -70 min, 45 -55% B; 70 -80 min, 55 -5% B. The injected volume was 10 mL and detection wavelength was 280 nm. Quantification was performed by using standard curves.
Preparation of standard solutions
A mixed solution of reference standards containing r-hydroxybenzaldehde (Analyte 1), vanillic acid (Analyte 2), r-coumaric acid (Analyte 3), ferulic acid (Analyte 4), rutin (Analyte 5), kaempferol (Analyte 6) and formononetin (Analyte 7) was prepared in methanol. The working standard solution was diluted with methanol to produce appropriate concentrations for the construction of calibration curves. The samples were filtered through a 0.45 mm microfiltration membrane before HPLC analysis. All solutions were stored at 48C.
Sample preparation
Five grams of raw material powder were placed in a capped tube and mixed with 50 mL of methanol at a concentration of 80% (v/v). The extraction process was performed with a temperature controlled ultrasonic device (KH300SP, 25 kHz, 300 W; Kunshan Ultrasonic Instrument Co., Jiangsu, China) for 30 min at room temperature. Furthermore, the temperature was also controlled with a thermometer. The extraction was repeated twice under the same conditions. The combined extracts were concentrated to the desired volume using a rotary evaporation at 358C. The residual solution was then transferred into a separating funnel, ethyl acetate was added and the mixture was shaken vigorously. The ethyl acetate layer was recovered and the aqueous layer was discarded. The purification process was repeated five times. The combined ethyl acetate extracts were concentrated to dryness by rotary evaporation at 308C. The residue was then dissolved with methanol to form a 5 mL solution and then filtered through a 0.45 mm microfiltration membrane before HPLC analysis. Experiments were performed in triplicate, and the mean values + standard deviation (mg/g, dried weight) were determined.
Results and Discussion
Optimization of chromatographic conditions
In this study, chromatographic conditions were investigated, including chromatograph column, column temperature, detecting wavelength and mobile phase. Different types of reversed-phase columns were tested for better resolution, and then baseline separation of the seven compounds was obtained on a SunFire. Comparing the chromatograms at different column temperatures, the results indicated that separation was better when column temperature was kept at 308C rather than 25 or 358C. It was also suggested that chromatograms at 280 nm showed more abundant information about compounds and a steadier baseline than at other wavelengths. In this study, different mobile phases were investigated, and it was determined that acetic acid-water (0.8:100, v/v) -methanol produced acceptable separation of the seven phenolic compounds with a stable baseline and a shorter analysis time.
Representative chromatograms for the standard analytes and a sample are shown in Figure 2 . Validation of HPLC method
Calibration curves and linearity
The stock solution containing seven standards was diluted to appropriate concentrations for the establishment of standard curves. The peak area and concentration were subjected to liner regression analysis. The regression equation, correlation coefficient (R 2 ) and linear range are shown in Table II . All standard compounds showed good linearity (R 2 . 0.9996).
Limits of detection and quantification
The limit of detection (LOD) and limit of quantification (LOQ) for each analyte under the present chromatographic conditions were separately determined at signal-to-noise (S/N) ratios of 3 and 10, respectively. The results are reported in Table II .
Precision, repeatability and stability
The intra-day and inter-day precisions were evaluated by analyzing the replicate injections of standard solution during one day and three consecutive days, respectively. The repeatability of the method was estimated by the analysis of six sample solutions. The stability was tested with a single sample solution that was injected into an HPLC system at 0, 4, 8, 12, 24 and 48 h. Variations were expressed by relative standard deviations (RSD). All results are shown in Table III .
Recovery
To evaluate the accuracy of the method, a recovery test was performed by adding standard solutions at low (80% of the known amount), medium (100% of the known amount) and high (120% of the known amount) levels. The spiked 374 Wang et al.
samples were then extracted and processed using the proposed procedure. The recovery results of the seven analytes are shown in Table III , and these results suggest that the established method is efficient enough for the determination of seven phenolic compounds from Rhizoma Sparganii.
Sample analysis
The developed method was applied to a simultaneous determination of seven phenolic compounds in 12 batches of Rhizoma Sparganii. In Table I , the results show significant differences among the contents of seven phenolic compounds in Rhizoma Sparganii from different growing regions. To evaluate the variations of Rhizoma Sparganii, hierarchical cluster analysis (HCA) and principal component analysis (PCA) were performed using SPSS software (SPSS for Windows 18.0; SPSS Corporation, Armonk, NY). The results of HCA ( Figure 3A) showed that the 12 samples were divided into two broad clusters according to their contents, which implies an obvious effect of growing region on the contents of phenolic compounds. As shown in Figure 3B , the PCA results are similar to those obtained with the HCA method. The samples from Jiangxi Province, Anhui Province and Zhejiang Province were in the same cluster, and other samples were in the other cluster.
Conclusions
In this study, a routine and validated RP-HPLC method is developed for the simultaneous determination of seven phenolic compounds in Rhizoma Sparganii. The proposed method might be useful in quality evaluations of Rhizoma Sparganii, and can provide technical support for pharmacological and clinical research of related drugs.
